The next generation nuclear plant (NGNP), a very high temperature gas-cooled reactor (VHTR) 
Introduction
An intermediate heat exchanger ͑IHX͒ is one of the essential components in the very high temperature gas-cooled reactor ͑VHTR͒ systems, since it transfers reactor core heat to the other systems for the application of electricity generation or hydrogen production. Therefore, its effectiveness is directly related to the overall system efficiency and economics. Generally, the VHTR systems deals with a high heat flux that requires a very large heat transfer area. For this reason, a compact heat exchanger ͑CHE͒ with large surface area density is recently being considered as a potential candidate for the IHX, replacing the classical shell-andtube design. This type of the compact heat exchanger is widely used in industry, especially for gas-to-gas or gas-to-liquid heat exchange.
The compact heat exchanger is arbitrarily referred to be a heat exchanger ͑HX͒ with a surface area density greater than 700 m 2 / m 3 ͓1͔. The compactness is usually achieved by fins and microchannels, and leads to the enormous heat transfer enhancement and size reduction. The surface area density is the total heat transfer area divided by the volume of the heat exchanger. In the case of printed circuit heat exchangers ͑PCHEs͒ in the category of the CHEs, the heat transfer surface area density can be as high as 2500 m 2 / m 3 ͓1,2͔. This high compactness implies an appreciable reduction in material cost. A major advantage of this heat exchanger is its ability to operate at high temperatures and under high pressure, while standard shell-and-tube heat exchangers would require very careful material selection and still possibly have difficulties operating at these high pressures and temperatures. The PCHE units manufactured by Heatric™ located in UK allow operation at temperatures and pressures up to 900°C and 50 MPa, respectively. Figure 1 depicts a typical core of the PCHEs. These heat exchangers are constructed from flat alloy plates with fluid flow passages photochemically etched into them. The plates are then staked and diffusion-bonded together to form strong compact cores.
In this paper, two options of IHX arrangements were investigated: ͑1͒ single-stage and ͑2͒ two-stage ͓3͔. The single-stage is the most common type of IHX arrangement. In this concept, one big IHX unit is connected to the reactor primary side and the secondary side to exchange heat between them. Sometimes, the size of the IHX is almost the same scale as the reactor vessel or power conversion units ͑PCUs͒. In the two-stage concept, we split one large IHX into two smaller parts: low temperature ͑LT͒ and high temperature ͑HT͒ units. The low temperature unit is designed for the full lifetime, while the high temperature unit is designed to be replaced two to three times within the plant lifetime of 30-60 years.
The rationale for this split option is that it is driven by the cost benefit to replace one small IHX unit instead of one large IHX. The only material approved by the ASME Section III is Alloy 800H, which is only good for the maximum temperature of 760°C. In the high temperature unit that is operated at 900°C, we propose to use Alloy 617, Alloy 230, or ceramics as potential candidates.
In this paper, various options of the IHXs were taken into consideration in terms of arrangement, materials, and types. Finally, the options were compared together in view of thermal design and mechanical stress, and some suitable options for the VHTR applications were recommended. ͓1,4,5͔; Table 1 summarizes the major parameters and guidelines for thermal design of the shell-and-tube heat exchangers used in this paper.
The thermal design of the IHX for the PCHE type was followed by the general compact heat exchanger design procedure, equations, and parameters summarized by Hesselgreaves ͓2͔. The printed circuit heat exchangers are generally subjected to very few constraints compared with the shell-and-tube heat exchanger in the thermal design. Fluids may be liquid, gas, or two-phase. Multistream and multipass configurations can be assembled and flow arrangements can be truly countercurrent, cocurrent, cross-flow, or a combination of these, at any required pressure drop.
The following is the summary of the basic PCHE design constraints and guidelines used in this paper. It is based on the information provided by Gezelius ͓6͔ and Heatric ͓7͔ suggested for PCHE application to the VHTRs:
͑1͒ semicircular cross section ͑2͒ width: 0.1-0.2 ͑2.0 mm shows maximum thermal performance and economic efficiency but for nuclear application, 1.2 mm is suggested͒ ͑3͒ depth: 0.5-1.0 mm ͑4͒ carbon steel is typically not used because of the small channel diameter vulnerable to corrosion and unsuitability for diffusion bonding ͑5͒ average mass-to-duty ratio: 0.2 tons/MW ͑13.5 tons/MW in shell-and-tube design͒ ͑6͒ no constraint to the pressure drop ͑7͒ plate thickness: 0.8D ͑D: channel diameter͒ ͑8͒ channel pitch: 1.22D ͑D: channel diameter͒ ͑9͒ multiported PCHE module size; width: 0.5 m ͑1.5 m is max͒, height: 0.6 m, and depth: 0.4-0.6 m ͑10͒ fatigue can be caused by thermal transient ͑11͒ only pressure drop restricts the velocity ͑12͒ minimum life is 20 years For thermal design of the helical-coil type IHX, we followed the methods similar to those of the shell-and-tube heat exchanger design since there is no well-published guideline for helical-coil heat exchangers. However, the heat transfer and friction loss correlations were corrected to the adequate ones to represent helicalcoil flow configurations. Those correlations were obtained from the general heat transfer reference books ͓1,8͔.
Alloy 617 was selected to be the reference material based on the material selection studies for the VHTR IHXs performed by Dewson and Li ͓9͔. They selected eight candidate materials based on ASME VIII ͑Boiler and Pressure Vessel Code͒ and compared them together. The materials include Alloy 617, Alloy 556, Alloy 800H, Alloy 880 HT, Alloy 330, Alloy 230, Alloy HX, and 253 MA. They extensively compared the mechanical properties, physical properties, and corrosion resistance for the candidate materials, and finally concluded that Alloy 617 and 230 are the most suitable materials for the IHX. The sensitivity of the material types on the heat exchanger thermal design was not considered in this paper, since the types of materials showed negligible effect on the heat exchanger thermal design according to the study of Natesan et al. ͓10͔ study. Even for the ceramic materials, only about 13% size reduction was reported ͓10͔ in their work.
Heat Exchanger Thermal Design
In order to design the IHX, we first need to determine design requirements and conditions. For the VHTR applications, the following are the general requirements for the IHX:
• maximum operating temperature: ϳ1000°C In order to determine the design conditions, we referred to the reference VHTR configuration ͑integrated with high temperature Figure 2 shows the schematics of the system configuration. In this system, there are three coolant loops: ͑1͒ primary, ͑2͒ secondary, and ͑3͒ intermediate. The primary loop contains the nuclear reactor, the hot side of the IHX, and a compressor. The secondary loop consists of the cold side of the IHX, the hot side of the secondary heat exchanger ͑SHX͒, the PCU, and the connecting piping, which is assumed to be short. The IHX connects the primary and secondary loops. The intermediate heat transport loop connects the secondary coolant system and the high temperature steam electrolysis ͑HTSE͒ plant through several process heat exchangers ͑PHXs͒. The flow in the secondary coolant system is divided, with most of the flow going toward the PCU and the remainder going through the SHX that directs heat toward the HTSE plant. The flow through the hot side of the SHX is then mixed with the flow from the PCU to feed the cold side of the intermediate heat exchanger ͑IHX͒. However, some of the flow is diverted away from the PCU, which acts to decrease the efficiency of the cycle. Oh et al. ͓11͔ estimated the operating conditions and system thermal performance of this system by using HYSYS process analysis code ͓12͔. According to their estimation, the operating conditions of the IHX are as listed in Table 2 . Therefore, all the thermal design data provided in this paper are based on the numbers in Table 2 . This paper considered only IHX thermal design. The designs of the SHXs and PHXs were not taken into consideration.
In this paper, two different heat exchanger arrangement options were considered: single-stage and two-stage. The single-stage IHX is the most general type of the arrangement options. In this layout, the IHX consists of one heat exchanger unit or separate modules aligned in parallel. Therefore, there is no serial combination of the IHXs in this arrangement. On the other hand, the two-stage IHX has two heat exchangers ͑i.e., low temperature and high temperature units͒ arranged and connected in serial. This arrangement was recommended for reducing associated risk and cost of the IHX ͓3͔. As described earlier, the low temperature unit is designed to last the full plant lifetime, while the high temperature unit is designed for replacement within the lifetime. The maximum temperature of the LT unit is proposed to be around 760°C, allowed in ASME Section III, Subsection NH materials. The design conditions of each unit have been estimated by HYSYS code based on the overall design conditions in Table 2 . shows the flow schematics and the calculated design conditions of the two-stage IHX. It is notable that splitting the HXs highly affects log mean temperature differences ͑LMTD͒ required for both sides. For example, in the high temperature unit, the LMTD decreases to 31.69°C, while in the low temperature unit, it increases to 77.74°C compared with overall LMTD in the singlestage IHX, 45.37°C. As mentioned in Sec. 2, three different HX types were considered for thermal design; PCHE, shell-and-tube, and helical-coil. Tables 3-5 summarize the design specifications estimated for each IHX type. Design conditions are based on Table 2 for the singlestage design and Fig. 3 for the two-stage design. For design and rating of the heat exchangers, HYSYS code, and Excel spreadsheet were used. PCHE heat exchanger design has been performed based on the method proposed by Hesselgreaves ͓2͔, and shelland-tube heat exchanger by Kern ͓5͔. Detailed design procedure and equations are not described in this paper. Table 3 summarizes the estimated IHX design specifications for the PCHE option. The total core volumes were estimated to range from 4.78 m 3 to 5.29 m 3 for the given overall pressure drop requirement ͑dP Ͻ 70 kPa͒ for both single-stage and two-stage design. Total heat transfer surface areas are about 5800 m 2 . In this thermal design, the mechanical design factors are not considered yet. Therefore, the numbers specified here could have some discrepancies from those of the final design specifications afterward. Table 4 summarizes the estimated design specifications of the shell-and-tube heat exchangers. The tube configuration was assumed as a U-tube shape. According to the estimation, the total volumes for this heat exchanger type range between 379 m 3 and 483 m 3 . It is much larger than the volume for the PCHEs in Table  3 . There are two reasons for this. First, the surface area densities of the PCHEs are much smaller than the shell-and-tube heat exchangers because of the small channel diameters. Second, the heat transfer coefficients are much larger in the PCHEs. The larger heat transfer coefficient is also contributed from the small channel diameters significantly reducing thermal boundary layers thickness. Table 5 summarizes the design specifications of the helical-coil heat exchangers. The diameters, thickness, and pitches of the tubes were assumed to be the same as those of the normal shelland-tube type shown in Table 4 . However, in the practical applications, the helical-coil heat exchanger usually requires larger tube size than the normal shell-and-tube heat exchangers because of the manufacturing difficulties. Therefore, the estimated design parameters in Table 5 would be a little bit changed in the real component designs. However, the numbers summarized in Table 5 still show the reasonable initial design approximation. In our estimation, the volumes and heat transfer areas of the helical-coil heat exchanger are ranged between those of the PCHEs and the shell-and-tube heat exchangers. The reason why it shows smaller size and surface area than the normal shell-and-tube heat exchangers is because of the effect of the heat transfer enhancement by the helical-coil. Tables 3-5 , three types of heat exchangers were compared for application of the VHTR IHXs as follows.
Comparisons of Heat Exchanger Types. Based on the design specifications summarized in
• The size of the HX can be represented by its total volume.
In the high temperature applications, the smaller volume of the HXs is generally preferred since ͑1͒ the high alloy metals or ceramics are very costly, and ͑2͒ the smaller HXs can reduce the total system size. The PCHEs provide much smaller sizes than other types. • In the VHTRs, the smaller heat transfer area is preferred since the large heat transfer areas can permeate tritium into the hydrogen plant, which is a very serious problem in the Therefore, the problems and limitations of these HXs are very well identified.
• Generally, the shell-and-tube type HXs allow in-service inspections and have well-established maintenance methods. However, regarding the PCHEs, it is difficult to find defects and failures in operation, and it is not easy to maintain compared with the shell-and-tube HXs.
Heat Exchanger Combinations and Separation
Temperature for Two-Stage IHX. In order to investigate the twostage IHX option, we came up with nine different combinations of three HX types in the HT unit and three HX types in the LT unit in a serial configuration, as shown in Table 6 . Table 7 summarizes the heat exchanger core volumes and heat transfer areas calculated from the total heat duty, the mass flow rate, and the separation temperature between the HT unit and the LT unit. The volumes specified in this table were obtained from Tables 3-5. As shown in Table 7 , it is obvious that C1 ͑PCHE-PCHE͒ has the smallest total volume and heat transfer area with the highest compactness ͑surface area density= 2195 m 2 / m 3 ͒. This high compactness is contributed from the small channel diameters of the PCHEs by increasing the surface area density and the heat transfer coefficient.
In the two-stage concept, the smaller size of the high temperature unit is highly recommended for cost saving and safety enhancement. Because of the material problems from severe high temperature conditions, careful considerations are necessary for the selection and design of the high temperature related components. If the high temperature unit becomes smaller, less effort and cost will be required for manufacture and maintenance. In addition, the size reduction will also enhance the component safety by reducing the probability of incidents.
In the two-stage design summarized in Table 7 , the total duty was split almost in half ͑300MWt/312MWt͒. However, the high temperature unit requires more than twice of the volume and the surface area compared with the lower temperature unit. This is because of the reduced LMTD in the high temperature unit ͑see Fig. 3͒ . The overall LMTD is 45-50°C, but the LMTD is decreased to about 30°C in the high temperature unit, while it is increased to 75-80°C in the low temperature unit. The decrease in the LMTD requires a larger heat transfer surface area for the same duty. It means that the high temperature unit will have a much larger size than the low temperature unit assuming they have the same duties.
The large size of the high temperature unit significantly decreases the benefits of the two-stage concept because it costs more. Therefore, to reduce the size of the high temperature units, the separation temperature between the HT unit and the LT unit has been adjusted to 800°C, which reduces the duty on the HT unit compared with the separation temperature of 750°C. Again, the increase in the separation temperature decreases the LMTD in the high temperature unit, which increases the size of the HX. However, it leads to significant reduction in the duty on the high temperature units, eventually reducing the overall size. The increased separation temperature makes the low temperature unit more vulnerable to the stress. Table 8 summarizes the volumes and the heat transfer surface areas for the two-stage IHXs at the increased separation temperature of 800°C. The volumes and the surface areas were estimated by the same method as used for the design of the original separation temperature ͑750°C͒. When we increase the separation temperature up to 800°C, the volume of the high temperature units becomes about a half of the total volume for the combinations of the same type heat exchangers. Since the high temperature unit is replaceable during the plant lifetime, the PCHEs, which have a smaller size, will be more beneficial, leading to lower cost and easier maintenance compared with the case, T sep = 750°C.
Comparisons of IHX Arrangement Options.
In this section, the single-stage IHX and the two-stage IHX were compared based on the results summarized in Tables 3-8. Theoretically the core volume and heat transfer area by the splitting option should be the same size compared with the single IHX. However, practically, the two-stage IHX will require more spaces for manifold of flow distribution, which may not be a major cost penalty.
Size of High Temperature Section.
The smaller size of the high temperature unit is preferred because it can reduce the maintenance cost and enhance component safety. The two-stage IHX with an 800°C separation temperature has the lowest high temperature section size among the designs performed in this paper. The single-stage IHX provided the largest high temperature section.
System Complexity.
The number of modules is related to the system complexity. Therefore, fewer modules are preferred for simplicity. The single-stage IHX has the simplest design because of less number of modules.
According to the above comparisons, conceptually, the twostage PCHEs with a separation temperature of 800°C are expected to offer more advantages in system cost, safety, and maintenance compared with the single-stage IHXs. For example, material cost can be saved in the two-stage IHXs since some cheap commercial materials, such as stainless steel or Alloy 800H, can replace high alloy materials in the low temperature sections. In addition, it provides easier management and controllability of risks by concentrating safety issues on the high temperature sections. The thermal stress can also be relieved in the two-stage IHXs by reducing temperature differences in the two components. On the other hands, the single-stage PCHE provides quite small size and simplicity.
In the thermal design, the two-stage heat exchangers using the PCHEs with the separation temperature of 800°C are recommended for the IHX. Using the standard shell-and-tube heat exchanger is not recommended for the VHTR applications here. However, to avoid some risks about the lack of experience using the PCHEs as the IHXs, the single-stage helical-coil heat exchangers can be another option, since it has been proven in the operation of the HTTR.
Heat Exchanger Simple Stress Analysis
A simplified stress analysis was performed in order to estimate the mechanical performance of the IHX options. We estimated the required thickness in which the maximum stress was less than or equal to an assumed allowable value. The use of consistent stresses allowed identification of limiting components and a fair comparison between different configurations. In this paper, besides the IHX, the SHX was also taken into consideration for stress analysis because the SHX suffers from high pressure differences, as well as high temperature.
Since the IHX and the SHX are operated in the high temperature environment, creep deformation is very important, and Subsection NH of ASME Code, Section III is applicable. However, there are several problems with directly applying ASME Section III code rules at this time. The use of the primary candidate, structural Alloy 617, is currently not approved in Subsection NH. So, we used the draft code case for the designs using Alloy 617 to obtain the allowable stress for our stress analyses. The primary stress limits of the Alloy 617 draft code case were well summarized by Natesan et al. ͓10͔ . Figure 4 shows allowable stress ͑S mt ͒ versus lifetime for Alloy 617. These data were obtained from Alloy 617 draft code case ͓10͔. The plot shows the lifetime data as a function of allowable stress for three different temperatures: 750°C, 800°C, and 900°C. This graph can be interpreted to be the maximum operating lifetime at the given stress load. As the stress increases, the lifetime decreases exponentially. Since the available lifetime data was limited to 1 ϫ 10 5 h ͑about 10 years͒, the values beyond this lifetime were predicted by a simple linear extrapolation method. For more accurate analyses, available experimental data or proven extrapolation methods are recommended to be measured or developed afterward. Table 9 summarizes the assumed allowable stresses for Alloy 617 predicted by interpolation and extrapolation of Fig. 4 . The stress analyses of this paper have been carried out based on the allowable stresses assumed in this table.
The required thickness for the IHX channel walls were estimated based on the simple stress and failure theory. For thickwalled cylinders, the tangential stress, , is calculated as in Ref. ͓13͔
where r is the radius, P is the pressure, and the subscripts i and o refer to the inner and outer surface, respectively. The stress is Transactions of the ASME negative if the external pressure exceeds the internal pressure, but the maximum magnitude always occurs at the inner surface. The radius ratio that causes the maximum stress to be less than or equal to the allowable stress, D , can be calculated from Eq. ͑1͒. For cases where the internal pressure exceeds the external pressure, the limiting ratio is
For cases where the external pressure exceeds the internal pressure, the maximum absolute value of the stress will be less than or equal to the allowable stress when the radius ratio is
A stress analysis was also performed for the IHX assuming that it is a compact heat exchanger of the type designed by Heatric ͓7͔. The design of the heat exchanger channels is defined by the channel diameter, d, pitch, p, and plate thickness, t p . Following the method used by Dostal et al. ͓14͔, the minimum wall thickness between channels, t f , can be approximated as
where D is the allowable stress and ⌬P is the differential pressure between the hot and cold streams. Expressing Eq. ͑4͒ in terms of pitch-to-diameter ratio yields
The required plate thickness can also be calculated based on the method of Dostal et al. ͓14͔. The plate is assumed to be a thickwalled cylinder, with an inner radius of d / 2 and an outer radius of t p .
Engineering problems concerned with the design and development of structural or machine parts generally involve biaxial ͑oc-casionally triaxial͒ stresses. However, available strength data usually pertain to uniaxial stress, and often only to uniaxial tension. To resolve this problem, a failure theory is used in the engineering practice. The failure theories are generally based on the assumption that tensile yielding occurs as a result of exceeding the capacity of the materials in one or more respects, such as the following:
͑a͒ capacity to withstand normal stress ͑maximum normal stress theory͒ ͑b͒ capacity to withstand shear stress ͑maximum shear stress theory͒ ͑c͒ capacity to withstand normal strain ͑maximum normal strain theory͒ ͑d͒ capacity to withstand shear strain ͑maximum shear strain theory͒ ͑e͒ capacity to absorb strain energy ͑total strain energy theory͒ ͑f͒ capacity to absorb distortion energy ͑maximum distortion energy theory͒
Hence, in the simple classical theories of failure, it is assumed that the same amount of whatever caused the selected tensile specimen to fail will also cause any part made of the materials to fail regardless of the state of stress involved. The model details are well described in Ref. ͓15͔ . Figure 5 shows the reported biaxial strength data for various ductile and brittle materials provided by Collins ͓15͔. This figure shows that the maximum normal stress theory is appropriate for brittle behavior; however, the distortion energy or maximum shear stress theory is appropriate for ductile failure such as metal. In this paper, for conservative failure estimation, the maximum shear stress theory was used.
The lifetimes of the reference HXs designed in the previous section were estimated by the failure theory, and the results were summarized in Table 10 . The lifetime was estimated by the maximum shear stress theory, which is generally the most conservative. The maximum pressure differences were set to be 1.0 MPa between the hot and cold channels. The maximum shear stress theory was applied to obtain the most conservative estimation of the lifetime. Theoretically, the PCHE has larger t / r i values than the tubular type heat exchangers because it shows the longer lifetime. However, as the thickness-to-inner radius ratio in the tubular type heat exchanger is increased, the lifetime of the tubular heat exchanger gets closer to the PCHEs. However, the common t / r i values in commercial tubing range from 0.1 to 0.5, and most of them are within 0.3; the designed tube thickness should not be larger than this. According to Table 10 , the PCHE can be operated as an IHX in 900°C for about 35 years with the reference design. However, the tubular heat exchangers ͑shell-and-tube or helical-coil͒ can be operated only for about 13 years ͑1.16ϫ 10 5 h͒. However, if the required pressure drop between hot and cold channels is increased to 5 MPa ͑this is usually required for SHX application.͒, our estimation shows that the lifetime of the heat exchangers are significantly dropped to 1.44ϫ 10 4 h and 149 h for the PCHE and tubular types, respectively ͑although the detail results were not shown in Table 10͒ . However, for 800°C, both PCHE and tubular type heat exchangers can be operated for the whole plant lifetime. It shows that the separation temperature, 800°C, is acceptable for the low temperature units in the whole plant lifetime. Figure 6 shows the maximum effective stress of the PCHEs as a function of pate thickness-to-diameter ratio ͑t p / d͒ for three different applications assuming the operating temperature is 900°C: ͑1͒ IHX ͑⌬P max =1 MPa͒, ͑2͒ SHX ͑⌬P max =2 MPa͒, and ͑3͒ SHX ͑⌬P max =5 MPa͒. The maximum effective stress was calculated by the maximum shear stress theory. The dashed lines in this graph show the rupture stress for the given lifetime ͑see Fig. 4͒ . Therefore, for reliable operation, the effective maximum stress should always be designed to be lower than the rupture stress. According to these graphs, as the plate thickness-to-diameter ratio increases, the effective stress is exponentially decreased. In addition, lower pressure differences between the hot and the cold channels led to much less effective stress, meaning that the thicker the plate, the stronger the mechanical integrity gets. Figure 7 shows the maximum effective stress for the tubular heat exchangers as a function of tube thickness-to-inner radius ratio, which is basically the same trend as the PCHEs. The required thicknesses for the IHXs and the SHXs were estimated based on these two figures ͑Figs. 6 and 7͒. Table 11 summarizes the required plate or tube thickness normalized by the channel size. This table shows that permanent operation ͑Ͼ50 years͒ is possible for less than 800°C for both PCHEs and tubular type under the appropriate plate and tube thickness. However, for 900°C, the full time operation seems not to be possible without replacement. For the reference thermal design, the PCHE requires to be replaced twice, and the tubular type requires to be replaced for about five times for the 900°C operation.
Summary and Conclusions
As part of the system integration of the VHTR and the hydrogen production plant, design and configuration of the intermediate heat exchanger have been investigated. This paper included analyses of single-stage versus two-stage heat exchanger design configurations and simple stress analyses of the printed circuit heat exchangers, the helical-coil heat exchangers, and the shell-andtube heat exchangers.
Comparisons of the heat exchanger types showed that the PCHE type offers obvious benefits for its thermal performance, size, and compactness. However, it was estimated to have some difficulties regarding inspections and maintenances. Lack of experience for the long lifetime is another problem of the PCHEs. On the other hand, the tubular type HX is ready-to-use technology. Helical-coil HXs showed successful operating records in HTTR application. However they require too large size for high efficient operations and show poor thermal performance.
According to the overall comparisons, the two-stage IHX looks better than the single-stage IHX in cost, safety, and reliability. Conceptually, the two-stage heat exchangers using the PCHEs ͑for both the HT and LT units͒ with the separation temperature of 800°C are recommended to be the best option for the IHXs. How- 
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Transactions of the ASME ever, to avoid some risks from the lacks of experience in PCHE as an IHX, the helical-coil single-stage helical-coil heat exchanger can be another option. By simple stress analyses, the lifetime and t / r i of the reference HXs has been estimated for the reference thermal designs. As a result, full time operation ͑Ͼ50 years͒ is possible for higher than 800°C for both PCHEs and tubular type HXs with proper selection of the plate or tube thicknesses. However, for 900°C operation, both PCHEs and tubular type were estimated to require a number of replacements during the lifetime. For the reference thermal design, the PCHE requires replacement for about two times, and the tubular type requires replacement for about five times. However, the replacement time can be changed and optimized by different selection of channel size and wall thickness. We are planning to investigate further using other types of heat exchanger and different heat exchanger materials, including ceramics, in the near future.
